(100 − x)NaPO 3 -xZnO (0 ≤ x ≤ 33 mol%) phosphate glasses have been prepared using the conventional melt quenching technique. Amorphous state was checked up by X-ray diffraction. Glasses have been investigated in detail by mean of differential scanning calorimetry, inductively coupled plasma. Incorporation of ZnO oxide increases the T g value and the thermal stability of samples. For this glass series, 31 P solid state magic angle spinning nuclear magnetic resonance (MAS-NMR) spectroscopy revealed the decrease of Q 2 tetrahedral sites and the increase of phosphate dimers (Q 1 ), when ZnO oxide is progressively introduced, suggesting the shortening of metaphosphate chains. Dissolution of glasses has been followed calorimetrically and showed a change in thermal signs resulting from the depolymerization of metaphosphate groups when ZnO oxide is added. A thermochemical cycle involving a number of dissolution and mixing processes have been carried out in order to get the standard enthalpy of formation of these glasses. Calculation of these quantities needs the standard enthalpy of formation of sodium trimetaphosphate. Formation enthalpy of glasses increases with the incorporation of ZnO oxide.
Introduction
Due to their lower melting and transition temperatures, ultraviolet transmission, high thermal expansion and optical characteristics, phosphate glasses are technologically and scientifically interesting materials. They have been the subject of numerous applications such as manufacturing of glass-polymer composites [1] [2] [3] , glass to metal seals [2] [3] [4] [5] [6] [7] , optical waveguides [1, 2, 6 ], biomaterials [6] [7] [8] , solid state laser sources [1-4, 6, 9, 10] , conducting materials [7, 8, 11, 12] , amorphous semiconductors [9, 12, 13] , optical fibers for communication devices [10] , nuclear waste immobilization matrices [6, 7] , etc.
Phosphate glasses are constituted by PO 4 tetrahedral groups which are linked by P-O-P bonds. The addition of modifier oxides such as Na 2 O or ZnO generates the disruption of phosphate chains and the formation of non bridging oxygen (NBO). Depending on the amount of these oxides, different phosphate species are present in the glass and they are classified according to Q n nomenclature, where n (n = 0-3) is the number of bridging oxygen per phosphate tetrahedron.
Zinc phosphate based glasses are being largely studied due to their potential which can afford them to be implicated as novel glass-polymer composite.
Recently, phosphate glasses have been used as suitable carriers for delivery therapeutic ions such as silver and copper. Amorphous materials have been used for tissue engineering application including metal transition ions such as: Fe 3+ , Cu + , Cu 2+ , Zn 2+ and Ti 2+ in order to improve cell attachment and activate the synthesis of enzymes [14] .
The presence of ZnO oxide improves the mechanical properties of glasses by reducing their thermal expansion coefficient [15] . The structural role of ZnO oxide depends essentially on his content in the vitreous network. It can act as former or modifier network. As a glass former, ZnO enters the network with ZnO 4 structural units. As a network modifier, zinc ion is octahedrally coordinated [16] [17] [18] . However, one of the main disadvantages of phosphate glasses is their poor chemical durability which limits their use in many fields [18] . Zinc oxide improves the physicochemical properties of glasses by the increase in density, reducing viscosity and affords a better chemical stability [18] .
The introduction of zinc oxide ameliorates the mechanical properties of glasses and their chemical durability as the case of transition metal oxide (MO), due to the formation of the ionic cross linking P-O-M, which make them suitable for large applications such as: laser and luminescence materials [5-7, 10, 14, 19-26] . The incorporation of zinc oxide causes structural changes on the distribution of phosphate chains inducing the shortening of metaphosphate groups (Q 2 ) allowing the formation of phosphate dimmers (Q 1 ) which result the increase of number of non bridging oxygen in the vitreous network [26, 27] .
Thermochemical study of glasses started several decades ago. Thermodynamic moduli have been considered in order to evaluate the glass forming ability in metallic glasses. The determination of formation enthalpies of binary alloys was investigated by considering a thermodynamic approach based on the formation enthalpy of metallic and crystalline glasses using the Miedema's model [28] .
In addition, for M 2 O-B 2 O 3 glass system, the thermodynamic properties have been determined using the solution Calorimetry method at 298 K [29] . A mathematical model has been proposed to get the formation enthalpies of glasses and crystals also the thermodynamic potentials of the glassforming liquid for M 2 O-B 2 O 3 systems [29] .
In the case of borate silicate glasses, the determination of thermodynamic properties has been obtained by high temperature mass spectroscopy involving the calculation of their activity and mixing heats ΔH i of the system components with a simple vapor composition [30] .
Rogez et al. have been determined the formation enthalpy of silicate glasses of the ternary system: Na 2 O-K 2 O-SiO 2 . This data was determined directly by conducting the reaction in the calorimeter at 876 K [31] .
For glassy compounds, the knowledge of the formation enthalpy is an important chemical data which can be used to determine the Gibbs free energy of formation of the selected compounds and to have an idea about their stability.
The present work deals with the determination of the formation enthalpy of (100 − x)NaPO 3 -xZnO glass series in order to study the correlation between the thermochemical results and their structural properties. However, access to these quantities involves the formation enthalpy of sodium trimetaphosphate, ((NaPO 3 ) 3 , cr). Because of the very old value reported in literature [32] , this quantity has been determined again by the same technique.
Experimental

Synthesis and Characterization of Samples
Sodium trimetaphosphate (NaPO 3 ) 3 , was synthesized by thermal decomposition of sodium dihydrogen phosphate (NaH 2 PO 4 ). The later was obtained by thermal dehydratation of its commercial monohydrate from NaH 2 PO 4 ·H 2 O (Fluka of purity higher than 99%) at 150 °C during 24 h. X-ray profiles recorded (Fig. 1) on NaH 2 PO 4 show a good agreement with the XR database [33] . NaH 2 PO 4 was heated at 200 °C, then at 300 °C during one night in order to eliminate water and the residues of volatile gases. The obtained powder was crushed after each temperature. Then, the temperature was progressively raised up and maintained at 500 °C for 24 h. The final product was checked by X-ray diffraction using a SEIF-ERT-XRD 3000 TT diffractometer. The diffractogram (Fig. 2) is in good agreement with the Findit database [34] . This latter shows that the final product is the sodium trimetaphosphate. Phosphate glasses having a general formula (100 − x) NaPO 3 -xZnO with x ranging from 0 to 33% mol, were prepared by quenching the melt of a mixture of NaH 2 PO 4 ·H 2 O, (NH 4 ) 2 HPO 4 and ZnO in the suitable proportions. Table 1 reports reagent with their fraction purity.
About 10 g of the mixture were melted in a platinum crucible at 200 °C for 30 min, then preheated at temperatures between 400 and 600 °C in order to eliminate H 2 O and NH 3 . The temperature was then progressively raised between 700 and 850 °C then held constant for 30 min. The batch was finally quenched to room temperature under air in order to produce vitreous structure which was confirmed by X-ray diffraction. Samples were then annealed for 2 h at 20 °C below their glass transition temperature in order to eliminate internal tensions and get more homogenized samples. They were kept in a desiccator to prevent possible moisture.
The content of phosphorus, zinc and sodium was analyzed by means of inductively coupled plasma atomic emission spectroscopy (Jobin-Yvon Ultra C). (50 − x/2) Na 2 O-xZnO-(50 − x/2)P 2 O 5 glasses will be labeled by reference to their molar ZnO content x ranging from 0 to 33 mol% [26] . The nominal and analyzed glass compositions were reported on Table 2 .
The transition temperatures were determined on 40-50 mg of samples using DSC-ATD Netzsch 404 PC with a 10 °C/min heating rate (accuracy ± 5 °C) using a platinum crucible.
The variation of glass transition temperature is shown in Fig. 3 . T g values increase when ZnO oxide is progressively introduced. This suggests the enhancement of the structure when P-O-P bonds were replaced by P-O-Zn ionic bonds.
For this glass series T g increases from 280 °C for x = 0-314 °C for x = 33 mol%, as mentioned Table 3 . This result reflects an increase of the network cross link strength when ZnO oxide is incorporated which induces the increase of the rigidity and the compacity of the vitreous network [26] . The variation of T g values suggests the modification of the glass network as a result the depolymerization of metaphosphate chains when ZnO oxide is added.
The 31 P MAS-NMR spectra were recorded at 121.456 MHZ (magnetic field 7.1T) on a Bruker ultrashield 300 spectrometer. All the chemical shifts are expressed in ppm relative to the 85% aqueous phosphoric acid. Addition of ZnO oxide generates the shortening of metaphosphate (Q 2 ) chains allowing the formation of phosphate dimers (Q 1 ) [26] . The 31 P MAS-NMR spectra of this glass series is shown in Fig. 4 . The remaining peaks observed on both sides of the centerbands represent the remaining the spinning side bands that arise from chemical shift anisotropy interaction associated with these units [26] .
Referring to literature, some authors have reported the chemical shift at + 1.4 ppm for the chain end groups NaPO 3 [26] . The major feature of the spectra is the existence of two isotopic peaks in the range near − 21.0 to − 18.8 ppm and − 6.9 to 3.9 ppm for this glass series [26] .
When ZnO oxide is introduced to the metaphosphate groups (NaPO 3 ), the intensity of the peak attributed to Q 1 tetrahedral sites increases and becomes dominant. In contrary, the second isotopic peak assigned to Q 2 tetrahedral sites decreases with the incorporation of ZnO oxide [26] .
For the phosphate glass with a composition: 33.5Na 2 O-33ZnO-33.5P 2 O 5 , Fig. 4 mentioned that the 31 P MAS-NMR spectrum shows only one peak that is attributed to Q 1 tetrahedral sites. This result can be probably explained by the depolymerization of metaphosphate chains (Q 2 ) when ZnO oxide is progressively added suggesting the formation of pyrophosphate groups (Q 1 ) [26] . From Fig. 4 , one can note that the phosphorus chemical shift for Q 2 and Q 1 tetrahedral groups depends essentially on the phosphorus-ligand bond (P-O) and the electronic density of the non bridging oxygens (NBO) for phosphate compounds [26] .
Thermochemical Study
A C-80 SETARAM calorimeter operating at 25 °C was used in the reversal cell mode. This device is provided with two identical cells: the reference and the reaction cell. The latter contains the solid to be dissolved or the liquid to be diluted and is tightly separated from the solvent by a movable cover whereas the reference cell is provided with only the solvent. Dissolution process was carried out by dissolving various amounts of solid in 4.5 ml of solution which was placed in the upper compartment. After a stabilization time of 12 h, the reactants were mixed using the reversing mechanism which allows the calorimeter jacket to be alternatively in the reversal then the upward position [26, [35] [36] [37] [38] .
Cycle for Sodium Trimetaphosphate ((NaPO 3 ) 3 , cr)
Dissolution enthalpy is not a key quantity, since it depends on temperature, pressure and principally the nature of the solvent, whereas the standard enthalpy of formation is an intrinsic property, but its direct determination is quasiimpossible. One procedure for accessing to Δ f H of a compound consists in determining the enthalpy of a particular reaction involving the compound to be studied and other reactants and products for which the formation enthalpies are reported in literature. For ((NaPO 3 ) 3 , cr); the following thermochemical cycle has been considered. It involves the reaction considered together with dissolution, dilution and mixing processes. States designed as E1-E4 are the solutions resulting from the various operations:
• E1 state designed the dissolution process of NaH 2 PO 4 in Slv2 (4.45%) (Δ sol H 1 ).
• E2 state designed the dissolution process of (NaPO 3 ) 3 in Slv1 (4.5%) (Δ sol H 2 ). • E3 state designed the dilution process of 3H 2 O (liq ) (Δ di H 1 ).
• E4 state designed the mixing process of E2 + E3 states (Δ mix H 1 ). 
Cycle for Na 2 O-ZnO-P 2 O 5 Series Glass
Zinc phosphate glasses can be involved in a hypothetical reaction including (NaPO 3 ) 3 (cr) and ZnO (sd). Their formation enthalpies can be derived by considering the following cycle. This latter, involves dissolution and mixing processes. States designed as E5-E8 are the solutions resulting from the various operations:
• E5 state designed the dissolution process of (NaPO 3 ) 3 So, the standard enthalpy of formation of the glass can be derived as: Tables 4, 5 and 6 show the dissolution heat (Q r ) of increasing the moles number (n) of NaH 2 PO 4 , (NaPO 3 ) 3 and ZnO solids in their corresponding solvents. Table 4 presents the dissolution process of NaH 2 PO 4 with the variation of the quantity (n (mmol)) to be Table 5 presents the dissolution process of (NaPO 3 ) 3 with the variation of the quantity (n (mmol)) to be dissolved in 4.5 ml of phosphoric acid solution (4.5% (w/w) H 3 PO 4 ) (Slv1). Table 6 presents the dissolution process for ZnO with the variation of the quantity (n (mmol)) to be dissolved in 4.5 ml of phosphoric acid solution (4.5% (w/w) H 3 PO 4 ) (Slv1).
Results and Discussion
Dissolution Processes
Plotting the measured heats versus the moles number of solid leads to straight lines whose expressed as: Q r = An + b
The slope (A) equals the molar dissolution enthalpy (Δ sol H) and b the intercept increment.
The latter b is statistically not significant for all dissolved compounds according to a mathematical treatment developed in literature [41, 42] . Calculation leads to derive the dissolution enthalpy as:
where (w i ) is the reciprocal of the variance on
, and ΔH i is the energy resulting by dissolving n i (mol) of the corresponding product in the phosphoric acid solution.
Equations of the lines are as follows:
For (NaH 2 PO 4 ) (sd) in 4.45% weight of H 3 PO 4 solution.
For (NaPO 3 ) 3 (cr) in 4.5% weight of H 3 PO 4 solution. For ZnO (sd) in 4.5% weight of H 3 PO 4 solution. Table 7 gathers the values of molar dissolution enthalpies with the corresponding errors.
For zinc phosphate glasses, experiments were carried out by dissolving the same mass of solids (25 mg) in 4.5 ml of 4.5% weight of H 3 PO 4 solution. Table 8 reports the dissolution heat of the glass series picked from a previous paper [26] . This latter mentioned that this quantity decreases when ZnO oxide is progressively introduced suggesting the inversion in the thermal effect of the glass series. This result was correlated to 31 P MAS-NMR analysis which revealed the modification of metaphosphate chains.
The plot of dissolution heat over ZnO content (Δ sol H (kJ mol −1 )) is reminded on Fig. 5 . Calorimetric study shows that the dissolution phenomenon is endothermic for lower ZnO content and becomes exothermic above 18 mol% of ZnO. This result is probably explained by the shortening of metaphosphate chains (Q 2 ) as ZnO oxide is incorporated which suggest the formation of pyrophosphate units (Q 1 ) revealed by 31 P MAS-NMR analysis [26] .
Δ sol H 3 = −95.50n in order to get identical E1 and E4 states. Table 9 reports E2 + E3 mixing enthalpy for different mole number (n) of (NaPO 3 ) 3 added in E2. This allowed to express Δ mix H 1 as: Δ mix H 1 = 0.07n (R 2 = 0.995) leading to a value of 0.07 kJ per (NaPO 3 ) 3 mol.
(E 1 + E 4 ) mixing process, which noted as (Δ mix H 2 ), was considered in order to check whether or not they correspond to the same final state. This operation led to an undetectable thermal effect.
For Na 2 O-ZnO-P 2 O 5 s Glasses Cycle
Mixing the same volumes (around 2 ml) of E 5 and E 6 which have the same concentration of phosphoric acid (4.5% (w/w) H 3 PO 4 ), led to E 7 solution. Various amounts of ZnO were previously added to E 6 while E 5 was previously loaded with the average mass of (NaPO 3 ) 3 (cr) (27.3 mg) and so the energy variation (Table 10 ) is due to the presence of ZnO. Mixing E 7 and E 8 led to no detectable thermal effect. corresponding to the formation enthalpy of sodium trimetaphosphate ((NaPO 3 ) 3 , cr) is closed to that published in 1968. This suggests that the synthesized product is probably the sodium trimetaphosphate and not a mixture. The formation enthalpy of the glass series are reported in Table 11 . Its variation over ZnO concentration is shown on Fig. 6 . This quantity increases when ZnO oxide is gradually introduced.
Dilution Process
Conclusion
This work deals with the determination of glass formation enthalpy for zinc based phosphate glasses with a general formula: (100− x)NaPO 3 -xZnO (0 ≤ x ≤ 33 mol%).
The formation enthalpy of the glass series were determine by considering a thermochemical cycle involving the formation enthalpy of sodium trimetaphosphate ((NaPO 3 ) 3 , cr). This later was checked in this work.
The glass formation enthalpy increases when ZnO oxide is progressively incorporated in the vitreous network. This result can be probably explained by the formation P-O-Zn ionic bonds which suggest the increase in the rigidity and the compacity of the structure. However, the rise in T g values reflects an increase of the compacity of the structure the enhancement of the vitreous network due to the substitution of P-O-P bond by P-O-Zn. Which suggest an increase in the stability of phosphate glasses. This property is tightly related to the Gibbs free energy of formation Δ r G° (Δ r G° = Δ r H° − T Δ r S°).
Because of the large disorder that exists in the vitreous structure, the entropy factor (Δ r S°) should prevail and induce the decrease in Δ r G° value when ZnO concentration increases [44, 45] . 6 Evolution of the standard enthalpy of formation at standard temperature and pressure of (100− x)NaPO 3 -xZnO (0 ≤ x ≤ 33 mol%) glasses
